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Executive Summary

Thisis the finalreportfort he pr oj ect t i-leveledets ol AtlarpicaGonast Cifshore Vding

Farm Performanced funded by the National Of f shol

(NOWRDC). This effort originated fromenergy industryneeds foisite- and conditiorspecific windfarm
modeling to improve simulatiedriven estimation of performance and reliability metrlesconjunction

with this technological need, the burgeoning offshore wind installatiottee New York Bightand the
associated tbine desigrinterest for manufacturers such as f@uired more nuanced understanding of
the offshore environment and its impactwind turbine arraysTo this end, as part d@his project we
characterized the impact of North Atlantic coastai-level jets on offshore wind installations through
high-fidelity simulations.In particular, oastal lowlevel jets (LLJ) are mesoscaliriven wind events
associated with aon-monotonicvelocity profileswhose maximum value occurs atthecsa | | ed ,Aj et

producing bands ofteong positive shear belothie nose and eorrespondingiegative shear above it.

In this project, we accomplished the following tasks:

1 Characterize the feature of North Atlantic Ldevel jets using bueynounted lidar data

1 Assessability of weatherscale modeling tools to characterize LLJ features and dévelmate
methods fohigh-fidelity turbulence resolving models of LLJ wind environments using LES.

91 Develop necessary advances within Ebeawind suite of tools to simulate high-fidelity and
systemlevel complexity (aer@ervaelastic turbine representations), the interactions between LLJ
turbulence and windfarm systems.

1 Analysis and characterization of windfarm system response to LLJ turbulence relative to canonical
atmospleric conditions.

Exploration of contrebased mitigation strategies to minimize the deleterious effects of LLJs

Assesment ofthe stateof-the-art lowfidelity modelsused in industryor their ability tocapture

the complex atmosphertarbine interactions.
Analysis outcomes show that ldevel jets primarily impact windfarms similar to stable boundary layers
resulting in deep wakes and strong veer and slduceal outof-plane loads. The deep wakesult in
available power for capture by downstream turbines which result in AEP drops. The higokplane
loads arise from the strong veer and shear cavaiigdresponses across the rotor disk and thereblgehig
fluctuations in the loads.Our efforts at mitigation show that pitch control operating airttiwidual blade
level can reduce the loads with little reductiorgenerategoower. We also observe that yaleflections

under such environmenpsoducenuanced outcomes under such environments.
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1 Project Overview

The wind energy industry is increasingly looking at-sated conditiorspecific windfarm modeling to
improve simulatiordriven estimation of performance and reliability metrics. This requigesidimic,
theoretical and computational advances in microweather prediction where one can generate (and
ultimately, predict) microscale (scales of O(2@®(100m)) atmospheric turbulence at a chosen spatial
coordinate and time window on demaiithe motivatbns underlying this demand can be wide ranging,
includingevaluation of critical design choices undeecificconditions ofextreme or atypical nature,
characterizing performance of specific turbine systems at a given geographic site andistocaly,
investigation ofmicroscaleatmospheriphysicsof relevance to wind farm operatioft&used on
idealized equilibrium boundary layedsie totheinability to model ealistic surface layer turbulenueall
its complexity. On the other hand, threesoscale modeling community focused ealistic

meteorologcal predictionsTo accomplish the above goalrealistic atmosphereindfarm interactions
the gap between idealized representation of microstalespheric physics and realistic mesoscale
meteorology has to be bridgdd this NOWRDC funded project (with GE Offshore Wind cost share), we
attempted to characterize the interactions of North Atlantic coastdelmbjets with offshore windfarms
representative of the NY Bight.o this end, we adopted a thystep plan for this project as gurel.

Validation
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Figure 1: High-fidelity atmospheric flow and wind farm flow simulations in Tasks 1-5 of the project.
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In step 1, we characterize the atmospheric flow representative of the NY bight through analysis of site
measurements made available byNesv York State Energy Research and Developmeitdkity
(NYSERDA) as part of the efforts to advance offshore wind deployment in the region. Our analysis of
these buoymounted LIDAR measurements within the lowest 200m marine Atmospheric Boundary Layer
(ABL) in the New York Bight has shown that leleveljets (LLJs) occur 2% within a year and as high

as 20% in the summer months. Naturally, the criteria to identify LLJs has some impact on these estimates,
but the takeaway is that LLJs campact windfarm operations and wind turbine reliability as a non
mainstream, but likely wind event. The second part of thigeih the project is to evaluate the stafe

the art in modeling LLJs and the associated turbulewée evaluated the capability of mesoscale

modeling tools such as Weather Research and Ftirecéé/RF) to predict the LLJ wind profiles and
observed reasonable match for periods of intefdtough WRF predictions matcthefield datathey

are typically simulated on coarse grids relative to the most energy containing turbulence scalesewithin t
atmospheric surface layer and therefore characterized as not turbulence relsottimdast decade, there
have been attempts to bridgemplexmesoscaleneteorology (at the kilometer scab#)d microscale
turbulence resolvingredictions(scale O(few meterspy leveraging the vast history of dagasimilation
based ideas frortne weather forecasting real@pecifically,we implemented a profitassimilation

based coupling framewo(kirst developed in Allaerts et al. (202@p)couple tle mese and microscales

of atmospheric turbulencea robust engineering approach towards incorporatingstetionary and nen
equilibrium mesoscale effects into microscale modehidg.implemented this mesuicro-coupling in

the GPUacceleration capablexwind compute stack to perform largddy simulation (LES) of the
microscale atmospheric boundary layEne challenge with downscaling of turbulence to the microscale
from nonturbulence resolving mesoscale simulations is that it is inherently an-comgsrained inverse
problem with multiple solutions possible. Our analysis in se@i8iilustrates this aspect of these state
of-the-art techniques where the pretéd turbulence state can differ in its intensity and assimilation
depending on the choice of assimilation strategy for the temperature data which can result in very
different buoyancydriven turbulence structurddowever, the differendownscalingnethals explored

were able tgenerate a turbulent flow field which in the mean can match the mesoscale wind profiles
from WRF on account of its direct assimilation into the LESs allows us to generate turbulent fields
somewhatepresentative of realistionditionrs measuredn the field but more irdepth research is

needed to better understand the sensitivity of the different model choices in predicting theriigher

details of the predicted turbulence

Tasks 2 and 3 represent step Il of this projetere weappied Mesoscaldo-Microscale Coupling

(MMC) to aeroelasticalhcoupled wind farm flow LES simulations to elucidate the impact of LLJ events
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on the performance and loads of a single offshore wind turbine, a single array of five turbinealbnd fi
a multrarray farm of twenty wind turbineblowever, to accomplish this, weeeded to realize a series of
technical advances within the Exawind capability as itemized below:

1. Implement inhomogeneous boundary conditions in the horizdmégdtions tamodel finitesized
windfarms
2. Develop the interface to feed meastcro-coupled ABL turbulence data generated from a

precursor simulation with the finitgized windfarm simulation with inhomegenous boundaries.

3. Develop capability for restarting simulations at the sydieval, i.e. theaero/fluid, servo and

elastic modules.

These were accomplished with much efford egported in sectio. In sectiord, we report the key
simulations executed using this virtual windfarm simulation capalfdiypart of task 2/2nd identify

the key learnings in particular détat a high level we observed that the presence of strong shear and
veer in the lowlevel jet produces asymmetric load distributions across the rotor disk resulting in higher
mean and damagggjuivalent fatigue loads of the eaftplane moment variety. @observe that #se

load increases are associated with losses in power capture ability (relative to rated capacity) due to the
persistent deep wakes within the windfarm operating in déoei jet environment. We particularly note
that these observatiomsere qualitatively like that observed for canonical stable atmospheric boundary
layer turbulence and therefore, any mitigation approaches developed in this project will apply broadly to
the class of stable atmospheric conditions encountered in the effgttting.

Tasks 4 and 5 represent step 11l of this project where thefiiglity dataset from the simulations in steps
I and Il are being leveraged in tvdifferent ways: (iJassesg¢and improve the performance of loverder
models relevant to simulah of windfarmsand(ii) identify the deleterious impact of LLJ on wind farm
performance (loads, power capture) and explore mitigation condéetatter aspect is presented in detail
in section5 wherewe executed both preliminary evaluation of the effectiveness of the different LLJ
mitigation strategies on single turbines using standalone decoupled analysis as well as coupled LES of
single array windfarm simutimns. The different mitigation strategies explored include,

9 Derating of wind turbines within a windfarm for modulating wake persistence and loads

9 Controlling individual blade pitch operation for wake and load modulation.

9 Steering of upstream wakes tcsare performance improvements in downstream wakes.
While, the standalone decoupled single wind turbine analysis turned out to be an effective and
inexpensive way to identify broad performance trends, the details of these mitigation strategies on turbine
and farm performance showed different outcomes when addptiggoupledmediumto-higher fidelity

models.Specifically, the fullycoupled simulations allowed us to interpret the coupled dynamics of the
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turbulent inflow, turbine response and the wake whesulted in quantitatively different performance
characteristics, thus highlighting the need for medhigherfidelity modeling. Tis need for medium

higher fidelity modeling is more systematically explored in sediaa part of our systematic efforts to
characterize the accuracy of the different models spanning the range of fidelity levels. While significant
progress was achieved in our understanding of the impact déi@bjetsand stable atmospheric
environment®n windfarm performance usindgsS, there do exist challenges that are yet to be overcome
before such virtual windfarm capabilities can contribute to mainstream desamely, computational

cost, fidelity of multiscale atmospheric modeling and turbineasmtations.These aspects will be

summarized in section
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2 Understanding Wind Resource Modeling and
Low-level Jets

2.1 Analysis of Observational Data

Along the north US Atlantic coasthe severameteorological and oceanographic (metocean) measurement
datasetsvere investigatedo study wind characteristics and LLJ events typical of the US Atlantic Coast
All the datasets were evaluated nmeet the following criteon: (1) datashould becontinuous over a long
enough period of time, (2) dashould be takemn areas that are not too close to the coast and thus
representative of conditions that will be experienced by actual offshore wind farms, (3) datadiaclude
range of heights relevant to offshore rotor layers, and (4) Watsavailable to the publicAfter some
detailed analysis, we decided to consider the dataset acquired byniheigra funded by New York State
Energy Research and Development Authority (NYSEBRDn which two floating lidar buoys were
deployed in the New York Bight within two current Bureau of Ocean Energy Management (BOEM) wind

energycall Areas.

For this campaign funded b{NYSERDA), two motion-compensated floating lidar systemgere
commissoned. These two buoysvere validated, first onshore against an onshore met mast, and then
offshore against an offshore met mast, in terms of mean wind speed and mean wind direction measurement
accuracyUnfortunately, thesurrent lidar remote sensing tectogy does not yet provide accurate enough
turbulence measurementhese buoysinclude nearsurface (2 m above mean sea level, MSL)

meteorological and sestate measurements, as well as lidar measurements of wind speed and wind direction

at 10levels from 20 to 200 m above MSLhe buoy AEO0O50 | ocated in the AH

referred to as the ANorth Buoyd, and AEO068. in the

Measurements collected within a year from Septembé&® 20 August 2020 were considered in the
following analysis. A data quality assurance procedure, similar to what was done in the work of Schultz
[11] and Nybg et al.12], is performed on the data before they are admitted into the analysis. Missing data

and data that have failed the quality check are replaced by a NaN value.

Before listing the LLJ identification criterions a few terminologies used throughout the document are first

introduced below.

a. Jet nose: the location of peak wind speed (U_{nose}) iroéil@. If multiple peaks exist,
the location of the maximum wind speed is the jet nose.

b. Jet top: the location of the first local wind speed minimum (U_{top}) above the jet nose.
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c. Jet wind speed drepff: the difference in wind speed between the jet nosktlam jet top
( aIHJ:Unose'Utop)-

To fully quantify occurrences of loeveljets (LLJ) along NY coastline, set of criteronsfor detecting
10-min LLJ observations areused in the present study, largely following the recent work of Debnath et
al. [13].

1) The wind speed at 140 m is no less than 3 m/s, to exclude observations that are belownthe cut
wind speed for the IEA 15MW reference offshore wind turbine which has a hub height of 150 m
([11]).

2) The jet wind speed drep f f gopastho less than 1.5 m/s, and the simensional drojoff
& WodUnoseis No less than 10%, to exclude very flat jet profiles.

Long Branch
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DA Atlantic City
0CS-A 0499
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Figure2: Regional map of the BOEM wind energy lease areas and location of the NYSERDA floating

lidar buoys.

Using the criteria above, 1252 (2.4%) out of the 5182intDobservations recorded at the South Buoy,
and 1244 (2.4%) out of the 52704-0n observations recorded at the North Buoy within a year, are

identified as LLJ observation®n top ofthese detected LLJ observations, following Debnath et 3. [1
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an additional search was done to find LLJ periods, defined as consecutmi 10 J observations
persisting for at least 1 hour. In total, 57 and 55 LLJ periods were found at the Soutbrém8woys,

respectively

Figure 3 shows wind roses measured by the lidar at 140 m above MSL at both buoys. All obsefrvations
with and without LLJ as well as LLJ observations are shown. The wind roses are nearly identical at two
buoys due to the close distance between them (approximately 77 kraetsldominate at both locations;
their 10min mean wind speed profiles largely conform to an appratéiyp loglaw or poweflaw shape

that is typically developed within the surface layer (or Prandtl layer) of the atmospbaridary layer
(ABL), although it is quite possible that many also include part of the Ekman layer as the marine ABL
(MABL) can be nuch shallower than over land (Emeis & Turkd4])l The LLJ observations are
concentrated in soutfo-southwest sectors with an average wind direction of 224° and 221° for the North
and South Buoys, respectively. This wind direction is roughly paralleketadhstline. Coastlingarallel

LLJ are frequently reported in the Californian coast and have been attributed by Pgrishbdth the
horizontal lanesea temperature contrast and the eabese sloping MABL. Colle & Novak ] have also

found LLJ in tle New York Bight to be associated with a sloping MABL, the differential heating between
land and water, as well as the inertia forces and the-targje weather system. These LLJ cases detected
in the NYSERDA dataset may also be linked to these mechaniStagistics of LLJ occurrences and
characteristics are given in this and the following sections. The analysis is shown only for the North Buoy
since results on both buoys are very similar. Histograms-aifithiQ_LJ observations are shown in Fas
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montly and hourly distributions. The bars are plotted against-#vasyas a fraction of the total number
of LLJ observations in an entire year. The number at the top of each bar records the LLJ count.

All observations (52704) All observations excluding LLJ (51460/52704, 97.64%) LLJ observations (1244/52704, 2.36%)
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Figure3: Wind rose forall observations (left), all observations excluding LLJ (middle), and LLJ
observations (right) for (a) the North Buoy and (b) the South Buoy at 140 m above MSL.

Figureda shows that LLJ are highly concentrated in warm months especially in May, Juneyaf fhu

1244 16min LLJ profiles observed in a year, more than 70% occurred in these 3 months. More than one
third (438) occurred in the month of June alone; that is more than 10% of the entiie @bBservation

pool in June (4320) which nearly quadresplthe annual LLJ frequency of 2.4%. This strong seasonal
variability of LLJ is consistent with previous findings of LLJ elsewhere in the world. The hourly distribution

of jet observations (Figurb) shows that LLJ more frequently occur in daght trangion hours from 18

to 00 hour Local Standard Time (LST) which is consistent with what was reported for the onshore Great
Plains LLJ (Gutierrez et al. [15]) and the NY Bight LLJ (Colle & Nova#)1

LLJ cases are usually associated with stably stra#field Stable atmosphere is promoted by less thermal
mixing when the sea surface is cooler than the air above. We compute the difference between the air
temperature measured at 2 m above MSL and thewsésce temperature; this distribution is plotted in
Figure5. The histograms are normalized by the total number of all (blue) and LLJ (orange) observations,

respectively. A comparison between them shows that the LLJ population is skewed towards stronger
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association with a positive differential i.e. cooler sedace than air, suggestive of a stable MABL giving
rise to coastal LLXCharacteristics of the detected LLJ observatioits jet nose location, wind speed, and
wind sheaii are statistically analyzed and summarized anftillowing. The normalized htsgram of jet

nose height is shown in Figuéa. Most LLJ cases have a jet nose in the range from 40 to 120 m which
falls within the rotor layer of most offshore wind turbines. For the IEA 15MW reference offshore wind
turbine considered in this work whittas a hub height of 150 m and a rotor diameter of 240 m, the rotor
experiences wind from 30 to 270 m above MSL. These LLJ profiles all coincide with the rotor swept face

and can directly impact its loading and performance.

Two wind speed magnitudes associated with Liohe measured at a reference height of 140 m (close to
the turbine hub height) and the other measured at the jet moeeshown in Figuréb in comparison with

the 140 m wind speed distribution of all thesebvations. A Weibull distribution is fit to each of these
normalized histograms with its scale factor (A) and shape factor (k) displayed in the legend. The results
highlight an increase in the average wind speed associated with LLJ in comparisorftaltbaservations

which are dominated by ngats.
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Figure4: Distribution of LLJ occurrences at the North Buoy: (a) Monthly distribution and (b) hourly
distribution.
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Figure6: North Buoy measured (a) distribution of the jet nose height and (b) distribution of the wind
speed all40m above MSL for all observations, 140 m for LLJ observations, and the nose location for
LLJ observations; The fitted Weibull curves, scale factor, and shape factor are also included.

2.2 Analysis of Weather Forecasting Simulations

To simulate the impact afoastal LLJs on wind energy generation, we first need to demonstrate the
capability ofmesoscalsveathersimulatiors to predictthe regionalveatherand capture LLJ eventghere

the buoys are locatedin this poject we used théNeather Research and Forstiag (WRF) solver
(Skamarock et al[18]) which is widely usedn operational and research numerical weather prediction
(NWP). In the following we will describe the WRF modsimulation result, and a comparison between

the predictions and measurements.

A WRF model developed by Dr. Mike Optis of NREL was shared with this project team. Its spatial domain

is that of Figure 2a centered around the NYSERDA buoys and is suitable fasen The specification of

several key model features is listed in TableThese model choices are an outcome of an extensive
sensitivity study where the besérforming model configuration was chosen out of 16 modealgethat

vary in input sourceghysics parameterizations, and grid and temporal variations (Optis €3]al.Tlie

model was run over the same time window on which the measured data analysis was performed, i.e. a year
from September 2019 to August 2020. The simulation result wastasedswith the team. Specifically,

the predicted time series at the locations of the buoys were extracted from the WRF result and were
interpolated to the lidar measurement heights. A comparison was then made between WRF result and the
measured datahichwill be described below.
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Tablel: Specification of key features of the WRF model used in this project.

Feature

Specification

WRF version 42.1

Nesting (horizontal grid resolution)

6 km, 2 km

Vertical grid levels

61 vertical cells in total
Nearsurface levels: 12, 34, 52, 69, 86, 107, 134, 165, 200 m

Output time resolution

5 min

Atmospheric nudging

Nudging performed on theln resolution domain every 6 hours

Planetary Boundary Layer (PBL) schemg

Mellor-YamadaNakanishi-Niino (MYNN)

Land-use data source

Moderate Resolution Imaging Spectroradiometer (MODIS) 30 ¢
second at 1 km resolution

Globatscale weather data source

ERAS reanalysis

Comparison between WRF result and measured data

The wind roses predicted by WRF at 140 m above MSL are compared against the measuré&figefTts in

A decent agreement

is found at both buoys;

even

in the mesoscale simulation, although WRF notiteakerpredicts the likelihood of wind coming from

the southwest directio comparison was made in Fi§ on the annuahveraged wind speed profile to

assess the overall model skill in predicting offshore wind resource. The mean wind speed interpolated a

150 m above MSL, hub height of the IB&MW reference offshore wind turbine, is given. The mean

powerlaw shear exponent of the entire profile is also computed by using wind speed values at 20 and 200

m. WRF underestimates both wind speed and wind $bebeights above 40 m while the rotor layer is in

the range of 30 to 270 m. This level of agreement is similar to what was reported by OptiQgtiainfl

the same model, and highlights a conclusion made in a 2018 study by BantaGt al.t] h aotor-ldyer h e

wind speed errors

We also made a direct comparison between the modeled and measured time series. An example is given in

in NWP were | arger than require

Figure 9 for May 2020 at the South buoy inhigh many LLJ occurrences were found. The level of

agreement is good. One can observe very weak signature of diurnal cycle in-dba mperature

difference in both the modeled and measured results, an important characteristic of the MABL that differs

from the land ABL. It is also found that LLJ occurrences are usually associated with positiveesr

temperature differential, i.e. when the sea surface temperature is lower than that of the air. This is captured

both in measurements and in WRF aggees wellwith previous findings that surface cooling discourages

turbulent mixing and promotes a stable MABL which gives rise to stronger shear and potential development

of LLJ.
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Figure9: Time series over May 2020 at the South Buoy as a comparison between WRF prediction and
measured data: Wind speed (top) and wind direction (middle) at 140m Mi$tyeand the air to sea

surface temperature difference. The abscissa is days within the month. The shaded grey areas correspond
to the detected LLJ observations in the measurements.

10-min LLJ observation predictions

In the following a comparison is made the averaged LLJ profiles. Figure 4l010-min LLJ profiles are
averaged and displayed. A good agreement is found. The model performs better at the North Buoy, which
may be explained by its longer distance to the coastline and thus less affecteddmyplex coastal

atmospheric processes that are particularly challenging to model. The average jet nose is measured at 80
m and isaccuratelycaptured by WRF. An undgrrediction of rotoflayer wind speed, similar to what was

shown inFig. § is present her Three powelaw shear exponents are computed: one for the entire profile
based on wind speeds at 20 and 200 m, one for the upper half of the profile at 80 and 200 m, and the other
for the lower half at 20 and 80 m. WRF strongly unplexdicts the positie wind shear in the bottom half

and slightly oveipredicts the negative shear in the top half.
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FigurelQ: Annualaveraged wind speed profile for LLJ observations at (a) South and (b) North Buoys as
a comparison between WRJfediction and measured data. Mean jet nose location, jet nose wind speed,
powerlaw shear exponent for the entire profilggt » dlpper half of the profile above the jet nose

(2o ), and lower half of the profile below the jet nosg ( 4 ) are given.

Persistent LLJ event predictions

Two specific LLJ events are used as examples to further compare the simulated and measured results for
the South Buoy. Figureld shows the time window from May 14th to 16th while. Bl shows May 21st

to 22nd. The WRF result is in excellent agreement with the measurement in the first example as can be seen
from the timeheight wind speed contours in terms of the wind speed, jet nose location, jet intensity and its
evolution over time. A comparison on sealelOmin average wind speed profiles is also given and an

excellent agreement is found especially in the latter portion of the event.

The second example in Figurghlshows a shallower LLJ at lower wind speed. Although not shown here,
the wind blows fronopen sea at an average wind direction of 150° in this case, while the wind is roughly
parallel to shore at 233° in the first example. Although WRF can predict LLJ, the quantitative agreement is
poorer with a significant underediction of wind speed artble jet intensity. There also appears to be an

offset in time which may be due to an inaccuracy in the ERAS ghkatzdé boundary condition as report
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by Tay et al. [2]. Although not shown here, additional comparisons were made on other LLJ events; a few
were completely missed by WRF. This highlights that the capability of the WRF model to predict LLJ
varies from case to case, which may indicate that differing LLJ mechanisms are at play for which the WRF
model skills vary.
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Figurell Two examples of LLJ events detected at the South Buoy. Left:-f@ight contour plots of
wind speed, shown as a comparison between measurements (top) and WRF prediction (bottom). Right:
Wind speed profiles of four 2@in averged time instances that correspond to the four black dotted lines
on the left figures. The solid line is the measured data. The dotted line is the WRF prediction.

2.3 Meso-micro Coupling and LES of Low-level Jets Turbulence

Mesoscaldo-microscale couplingMMC) is an active area of research that has become increasingly
important for both the meteorology and wind energy communities, and aims to bridge modeling gaps that

have long existed in atmospheric flow and wind farm flow simulafi2gs It is one of the key innovation
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thrusts of this project to demonstrate MMC in modeling coastal LLJ. In this section, we briefly review

coupling techniquethatwereconsidered in this project.

As illustrated at the top oFigure 12, the current modelingpproachof high-fidelity microscaleLES
simulation is based ostationary forcing e.g, throughthe specification of a constant geostrophic wind
speed and surface hédlatx over time and spacand is therefore largetiecoupledrom realistic mesoscale
processes like diurnal cycles, frontal events, and terrain effects, etc. that determine microscale atmospheric
flow conditions. Therefore, this decoupled approach reatiesthe use of periodic lateral boundary
conditions (LBC) and is limited to the representation of simple, idealized atmospheric flow with horizontal
homogeneity, and makes an accurate characterization of microscale LLJ features not possible.

References:

Mesoscale-to-microscale coupling approaches  5c 0.5 c poectvear 1report 2015

DOE AZe MMC projectYear 2 report, 2017
- - Allaerts etal. 2020
Decoupled Stationary forcing e =
Incapable of capturing Periodic lateral boundary
key mesoscale drivers of conditions (LBC); Idealized Sources {mesosca|e
L Horizontal homogeneity
budgetcomponents)

Online coupling o
ici Non-intuitive/measureable; No
Unified solver framework Dyn a{g:gi:‘ntern al consensus on smoothing treatment Direct vs. indirect
.

e : assimilation
Offline coupling E;r:gg:acnl_e?t\(? Horizontal Forces {tlme-h EIth Consideration for vertical correlation
Y . . .
Separate mesoscale and profile assimilation

Data is predicted vs.

microscale solvers " More intuitive and versatile
Dynamic measured
boundary forcing Mesoscale data input could be from

Mon-periodic LBC either (or a blend of both) sources

Turbulence spin-up needed

Figure 12: Decoupled vs. mesoscale-and-microscale-coupled techniques. Highlighted boxes are the
approaches that will be considered in this project.

To overcome this limitation, this project expaddhe microscale wind modeling caplities by applying
MMC techniques and demonstrating it on the characterization of LLJ. There are several considerations

making MMC modeling choices:

1) Communication directionality: The crossscale information transfer may be emay where the
mesosca parameters are downscaled to provide forcing for the microscale domain;,waywo
where a backward upscaling also ocd@8}. The former has received the most attention in recent

MMC research and is thus also used in this project.

2) Communication strategy: The coupling may be achieved donl
approach usually means the use of a unified solver framework with-agmalepriate physics

available for both scalemdsolvedconcurrently The offline approach, on the other hand, permits
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greater flexibility and allows mesoscale and microscale processes to be simulated sepé#nately
solvers tailored for their respective regimes of inter&se latterapproachis adopted in this
project.

3) Information transferred: As discussed in Allaertd al.[24], the exact mesoscale information that
is to be downscaled and transferred may be components that directly make up the mesoscale
momentum andemperaturetransport equations budgetse., largescale driving horizontal
pressure gradient, momentum adwacti and temperature advection. Alternatively, this
information may begyeneratedy data assimilatiobased oreither i) mesoscale profiles of wind
and temperature; or ii) measurabieeteorological quantitiese.g, wind speed, temperature,
pressure, momemtn and heat fluxes, and moistuMyhile the former approach relies on a
mesoscale solver to output those budget terms, the latter approach permits the use of either solver

or observational data. Westedboth approaches in the presstitdy.

4) Location of information transfer: The coupling may be applied at domain boundaries such as the
inflow and surface planes, or act upon the entire flow volume. The fodyeamic boundary
forcing method permits the use of nperiodic LBC at the expense of extra comgiotaal
overhead of either long upwind stretch or added turbulenceupptreatment to accelerate the
generation of microscale turbulent structures. The latigramic internal forcingnet hod doesn o
require such added cost, but it still relies on a pci@BC under the assumption of horizontal
homogeneity that somewhat limits the range of atmospheric processes that may be sieglated
complex terraif25]. The assumptionsed irnthe latterapproachs considered valitbr LLJ events
that arereasonably distant from the coastline wherehbezontal heterogeneity is weakd the
LLJ can be described as a planar feerefore the dynamic internal forcing technigisechosen
for this project.

In summary, this projecchievedVIMC through oneway, offline coupling via dynamimternal forcing.
The specification of mesoscale parameters both in the form of direct mesoscale budget components (from
WRF results) and in the form of datasimilated timéheight profiles (from either WRF results, or

measured data, or a blend of botl&revall fullyexploredin this work.
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For the mesoscal®rced microscale simulations, we have selected a computationally efficient MMC
strategy that utilizes a horizontally homogeneous domain forced by WRF. Stable conditions with westerly
winds can devep landsea breezes and form an internal boundary layer emanating from the coastline,
which can both propagate far offshore. Our assumption of homogeneity is based on the spatial scales of
resolved coastal features being on the order of the microscaérdontarger; all largscale heterogeneity

is represented as uniform variation over time in the flow quantities in the microscale.

Figurel3illustrates mesoscale flow quantities of interest around the lidar buoys deployed by NYSERDA,
extracted from a subset of the inner WRF domain during our case study-skcatgéhorizontal gradients

in the winds can be seen, along with aniform seasurface tenperature (SST) distribution likely driven

by upwelling. However, for the purposes of forcing the microscale, the mesesunalated surfacéayer
properties including the sensible heat flux and friction velocity are relatively uniform throughout tre regi
of interest spanning the two buoys. Similarly, the turbulence kinetic energy (TKE) aloft at approximately
143 m above MS& near the hub height of the IEA-NBW reference turbine, the planned subject of future
studyd is also approximately uniform in thegien of interest. The timaveraged standard deviations of
values within a2760 km? region spanned by the two buoys are 1.1 m/s and 2.3° for wind speed and
direction; 6.9e3 n¥/s? for TKE; 1.8e2 m/s for friction velocity; 0.3 K for SST; and 2.4 WHfor heat flux.

To validate the MMC approach we selected ehfl8imulation window in the last 12 hours of May"15

2020 (UTC) in which an LLJ event was observed and was well predicted by the WRF mesoscale simulation
(Figurella). We chose to focus on the South Buoy since themearnsquare error (RMSE) of htiiieight

wind speed is slightly lower than the North Buoy over the entirbriZindow.In the folowing, we first
describe the LES model configuration. Thereafter we introduce several variant configurations which the
team built to investigate how the simulation outcomes would change when different MMC profile
assimilation strategies were used. Botlalijative and quantitative comparisons of results and detailed

discussions are included in this final report.
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Figure 13: Comparison of quantities of interest in a subset of the WRF inner nested domain with 2-km grid
spacing; wind speed, wind direction, and turbulence kinetic energy have been sampled at approximately 143
m above mean sea level; the red dots indicate locations of the NYSERDA buoys.

As mentioned previously, we us e dind\iédEsuité, g0 simiefRe L E S
the microscale atmospheric flow. All simulations were performed on a 5120 m by 5120m doubly periodic
domain (in the horizontal directions); the domain height was 1280 m. A uniform grid spacing of 10 m was
used in all cases. Wheas such spatial resolution is adequate for neutral and convective conditions, it
presents a lower resolution bound for simulations of a stable boundary\WR&r provides the initial
conditions, surface boundary conditions, and internal forcing. Sieaentiremicroscale LES dmain lies

within the WRF inner domain, both the initial conditions and the assimilated fdaaeage profiles for
velocity and temperature are completely specified for the duration sfrthaation. A surface heat flux,
which inthis case provides cooling, is specified at the lower boundary from the WRF surface solution. Wall
modeling is provided through iMeongsurface sheastress boundary conditioithe upper temperature
boundary has a fixed vertical gradient, based on arbatitalapse rate of 1 K/km. Lastly, subgddale

turbulence closure is provided by the @rguation Deardorff eddy viscosity model.

Two approaches of internal MMC were considered with three different treatments of the mesoscale
temperature profiles. Thevd approaches considered are direct and indirect profile assimilation (DPA and
IPA, respectivelyd the former guarantees that the microscale plamarage profiles exactly match the

specified WRF profiles whereas the latter aims to provide more realistrientum and virtual potential
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temperature source terms by not requiring the mean profiles to exactly follow the mesoscale solution. In
our studies performed in this project, we used DPA for velocity and used a few variations of IPA on the
potential tempetare solution. Allaerts et all24] observed that WRF temperature profiles may be
unrealistic and lead to excessive buoyancy production in a resolved microscale daytime ABL; the converse
may also be true, that an incorrect WRF profile can also lead to excesspanbyi@onsumption and
suppress turbulence. In all cases, the full WRF temperature profile was used to initialize the SOWFA
simulation. However, we consider three model variations in which (1) the full temperature profile is
assimilated over time; (2) therhperature is assimilated at a single level only, which in this case we have
chosen to be the observedn?virtual potential temperature; and (3) no temperature assimilation is

performed, i.e., no temperature source terms are included.

The Mesoscale to Micoscal e Coupling (MMC) project team und
(DOE6s) Atmosphere to Electrons (A2e) program pub
model sé& abilities to reproduce obpsatalyB)dBasedhoni abl es
the data availability in observations, mesoscale model outputs, and microscale model outputs, we selected

a subset of variables Table 2recommended in Haupt et al 3|2

Table2: Variables and metricsdm comparing among observations, mesoscale model predictions, and
microscale model predictions.

Variable group Variable Averaging period  Basic metrics
Lidar measurement: Mean wind speed 10 min Root mean square
(at all heights) error (RMSE), mean
absolute error
(MAE)
Wind speed standard deviation 10 min RMSE, MAE (or
and turbulence intensity gualitative
comparison)
Mean wind direction 10 min RMSE, MAE
Lidar measurement Hub height mean wind speed 10 min RMSE, MAE
near hub height Hub height wind speed standarc 10 min RMSE, MAE (or
deviation and turbulence qualitative
intensity comparison)
Hub height mean wind direction 10 min RMSE, MAE
Nearsurface Mean wind speed 10 min RMSE, MAE
meteorological Min/max wind speed 10 min MAE
measurements at 21 Mean air temperature 10 min RMSE, MAE
above MSL
Processed quantitie Jet nose location 10 min MAE

Jet top location 10 min MAE
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Wind shear across rotor (30

270m) and split between the jet

nose locatioh

Wind veeracross rotor (30

270m)

10 min

10 min

MAE

MAE

Table 3: Mean absolute error for quantities of interest, calculated from mesoscale-forced microscale
simulations in comparison lidar measurements. Indirect and direct profile assimilation (IPA and DPA,
respectively) techniques were applied with WRF mesoscale wind and temperature data; while the time-
varying wind profile was assimilated in all cases, the temperature assimilation was treated in three different
ways: time-varying profile, time history at 2 m above mean sea level, and without any temperature
assimilation. Rows are shaded with green-white-red representing the 0-50-100th percentiles.

IPA, T profile DPA, T profile IPA, 2-m Tonly | DPA,2-m Tonly | IPA, noT assim. | DPA, no T assim.

hub-height wind speed [m/s] 1.000664 0.758987 0.954844 0.787399 0.940654 0.842972
hub-height wind direction [°] 9.91527 10.424833 10.343671 10.522423 10.357223 10.366576
resolved+SGS TI [-]

> rotor bottom (z=30) 0.007242 0.027776 0.00769 0.125668 0.007068 0.125157
> hub height (z=150) 0.035653 0.047628 0.036794 0.026835 0.037612 0.027352
> lidar max range (z=200) 0.046447 0.04933 0.047988 0.0207 0.048183 0.021083
resolved+SGS wind stddev [m/s]

> rotor bottom (z=30) 0.20474 0.167447 0.204868 1.882391 0.195875 1.906215
> hub height (z=150) 0.263044 0.483812 0.274365 0.814135 0.289241 0.822981
> lidar max range (z=200) 0.357886 0.429631 0.383414 0.691338 0.387759 0.697921
jet characteristics

> nose height [m/s] 34.387755 15.816327 40.714286 16.22449 41.122449 16.836735
> max speed [m/s] 0.6698 0.595127 0.643465 0.686214 0.635776 0.737451
> shear below nose [-] 0.076716 0.116082 0.096481 0.114695 0.097423 0.119638

The mean absolute errors (MAES) and romansquare errors (RMSES) of variabledided in Table2

are summarized ifable3 andTable4, respectively, for several MMC variants. Rows are shaded with dark
green, white, and red corresponding to tHg(l6west error), 50, and 108 (highest error) percentiles,
respectively; wind dection errors were excluded from shading because errors were relatively low in all
cases. Interestingly, model configurations that perform relatively well in terms of turbulence are poor
performers in the mean jet characterigiicemely, the IPA resultspaversely, the best performer in the
mean jet characteristics is the worst performer in resolved turbdlereee DPA with temperature profile

assimilation. The mixed results for DPA with singgeel or without temperature assimilation motivate

other quatitative assessments of the resulting flow fields.

Table 4: Root-mean-square error for quantities of interest, calculated from mesoscale-forced microscale
simulations with SOWFA in comparison lidar measurements. Indirect and direct profile assimilation (IPA and
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DPA, respectively) techniques were applied with WRF mesoscale wind and temperature data; while a time-
varying wind profile was assimilated in all cases, the temperature assimilation was treated in three different
ways: time-varying profile, time history at 2 m above mean sea level, and without any temperature
assimilation. Rows are shaded with green-white-red representing the 0-50-100th percentiles.

IPA, T profile DPA, T profile IPA,2-m Tonly | DPA,2-m Tonly | IPA, noTassim. | DPA, no T assim.
hub-height wind speed [m/s] 1.135609 0.976524
hub-height wind direction [°] 19.052457 19.163245 19.129077 19.104568 19.136675 19.266376
resolved+SGS TI [-]

0.029578

> rotor bottom (z=30)

> hub height (2=150) 0.036574
> lidar max range (z=200) 0.047047
resolved+SGS wind stddev [m/s] I N A N
~ rotor bottom (z=30) 0.234353
> hub height (2=150)
~ lidar max range (z=200) 0.46016 0.411935
iet characteristics I

> nose height [m/s] 36.540444
> max speed [m/s] 0.800905
> shear below nose [-]

0.777661 0.824602 0.763682
0.101281 0.102167

0.123003

Overall, the team found thapplying DPA to calculate the exdotcing to attain the mesoscale mean wind
profiles, while applying IPA to calculate the approximate forcing that allows the microscale temperature
profile to evolve from the mesoscale inplihis approach generatedore accurate mean wind profiles

combinedwith more realistic temperature profilaadresolved turbulence
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3 Windfarm Modeling Advances in Exawind

Several areas of AMRVind development were needed to achieve all the goals and milestones of this

project. In the following we will briefly descriibese AMRWind development efforts:

1)

2)

3)

4)

Internal mesoscale forcing with Profile Assimilation: Thiasrequired to achieve MMC and to
simulate LLJ in the microscale domain driven by the mesoscale forcing from the Weather Research
and Forecasting (WRF) model. We implemented in AMd both a direct and an indirect profile
assimilation technique. All thesegabilities were verified and validated on both CPU and GPU
architectures. The same set of simulations corresponding to the NYSERDA buoys that were
described in the previous sectimeresimulatedwith AMR-Wind. Additionally, some effort was

put in toundeastand how the choice of controller gain and LS subgrid turbulence model

impacs the solution.

Modification of the Boussinesqg approximation: In the simulations with turbines, a critical element
to ensure stability of the simulations is the approer@attflow boundary conditions to ensure the
highly nonhomogeneous flow exits the domain without generating any spurious oscillations. In
thisstudywe developed a strategy where the mean pressure gradient on the outflow face is balanced
by the buoyancy ten in the Boussinesq approximatiorhe project team developed several best
practices associated with running simulations with inftmwflow boundary conditions with inflow

BC information generated from a separate precursor simulation.

During the coursefahis study, team found a significant slowdown when writing ABL boundary
data, in netcdf file format, with parallel processors. Motivated by the need of this project the
Exawind team implemented the boundary data output in the native AMReX file fArmimnhew
development significantly reduces the computational time and allows for boundary data file output
for longer simulations (> 30 minutes). Additionally, this project team also developed a python
based tool to stitch several boundary data files otitpuot a series of simulations into a single long

boundary file.

The project team worked with the Exawind and ROSCO development teams to develop restart
capabilities for AMRWind coupled with OpenFast simulations. This involved outputting and
reading all tke OpenFast relevant information from AMRInd. Additionally, ROSCO controller

needs several inputs every time a restart is performed. ROSCO development team implemented
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additional routines in ROSCO source to allow for frequent restarts. Both capab#diiesnbw
been merged in the respective master versions and is being frequently used by a number of users.
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4 Impact of Low-level Jets on Windfarms

4.1 Analysis of LES Data

The current section discusses in detail the impact of flow fields in the clzagtalveljets on the pad level

loads of the wind turbines in a 5 X 4 farm layout. The results have been further compared against
monotonically sheared convectively unstable boundary layer representative of onshore cokdjtioas.

14 illustrates the higlevel schematic for the framework for running higtelity LES simulations
(Avirtual ) fariwmd farfhsausimg &xaWind Suite developed by NREL. The Weather Research
and Forecasting Model (WRF) simulates the weather condition that pertains to coadéalelojets at
mesoscales in the range of ~ 50 km. The mean wind and temperature coondlitiensoastal LLJ are used

to drive microscale LES simulations of the atmospheric boundary layer (ABL) precursor (~ 10 m resolution)
with proportional controller based data assimilation of mean conditions. The precursor misdrBScale
data are used torigle wind farm simulations. The farm domain is similar to the precursor ABL domain
except that it contains two layers of nesting of mesh around the wind farm with resolutions as low as 2.5 m
(~ 10 grid points/rotor diameter D). Aeroelastic solver OpenFa&Tcoupled at each pdalel locations

for computation of the loads with turbine controlldfggure 15illustrates the zoomed in view of the wind

farm domain with labels for each pad locations for 5 X 4 = 20 turbines, with the turbine ID increasing
contiguously in the crossind direction. Note, a similar analysis has been carried out in 5 X 1 layout
arrangement but is not reported in the final projeport for brevity. In the subsequent part of the
discussion, we discuss the fldield characteristics of coastal LLJ and convectively unstable MS and how
those correlate with systelavel loads providing unique insights to not only the load charaatimiz of

the farm but a fundamental framework for load mitigation strategy. In parti€udpme 16 manifests the
instantaneous snapshot of planforiraw of velocity field past the wind farm for LLJ and MS cases. We
observe, LLJ is characterized by deep wakes, lack of wake meandering and small scale turbulence. MS
contains rather more coherent turbulent eddies, shallow wakes owing strong mixing agtpgtedminent

wake meandering dynamics. This is further corroborated by more robust features metricized threugh time
averaged & roteaveraged data iRigure17. Please, note that for results involving redweraged data

obtained directly from amwind, we have in practice established, rather a surrogateaotoaged quantity

T

defined by 7

Q @eplacingd ‘Q ((true-rotor aveage). The surrogate rotaverage ensures

that temporal volume data need not be stored, and 4 sets of planar data should be sufficient to perform the
operation. Extensive verification and validation study has been done for both LLJ and MS (not shown in
the report for brevity) to justify that the surrogate redgerage or the-ine average model can capture the

mean and the temporal characteristics of the true-est@rage. In particulafy FYO can be written as
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The rotor quantities are a perfect gateway to understand how the turbine disk influences-fleddflow
around itself. Irparticular, we observe, that the LLJ manifest stronger wake deficit and stronger induction
compared to the MS cases followed by stronger suppression of pad level turbulence which results in deep
persistent wakes in the downstream turbines. Additionally,ntlean streamwise variatiofy ( ATYO )
illustrates high variability across the different column of wind turbines in wake region for the MS cases
indicating strong meandering due to thermal plumes. Contrary to that, the LLJ wakes are staley stratifi
and show significantly less variability across the different columns of turbines which speaks of strong wake
persistence. In order to understand, how these-filglel quantities, especially at the pad level locations
correlate with the load characterist s ,extrao® fi h dieldfinfoonation at the pad location with a the

level of information filter for the loads and a phadigned spatial average(® ¢®O0fT where® T
denotes the pad location which also works like apass filterowingg f r ozen Tayl or 6s fi e
the turbine location. The lowass filtering ensures that the temporal characteristics are devoid of
frequencies at or greater than 1P and the load vsfitdd/ correlation calculated is entirely turbulence
driven withaut any structural interceptiofigure 18 & Figure 19 illustrates the reconstructed flefields
calculated at each pad location, in particular the rat@raged velocity, Tl and the metrics of shear, veer
which play a critical role in deciding the rotor blade and shaft |daigsire 18 demonstrates the time
aver aged fAr e cavaragdd velocity (ebtaimed framtploadigned averaging) at different pad
locations both for the LLJ and th@S case that have been compared against the standardvetaged
velocity obtained from OpenFAST. The comparison serves as a verification procedure giving entitlement
of a similar trend of reconstructed flefield vs OpenFAST at different pad locatidios both LLJ and MS
casesFigure19illustrates the vertical gradient of the dominant wind direction & evgas directiondf

where the ~tilde dwtes the scalgesolved quantity pertaining to LES simulations. In the subsequent
discussion, the tilde is dropped for brevi@dQ dis the shear component while¥Q ds veer associated

with the flow. Inthe¥r ow o f fr e ¢ o n s-field, sicce tbedlata isrdtaeragedfthe megative

and positive shear cancels out giving rise to very low fateraged shear for LLJ. Contrary to that, MS
cases have higher positive retoreraged shear. As wakes propagate downstream of the tuthenskear

gets stronger in the LLJ case compared to the MS case, and consequently taecrafped shear in the

downstream turbines are comparable in the LLJ and MS cases. Stroi@#@arre observed in the LLJ

41



Impact of Low-Level Jets on Atlantic Coast Offshore Wind Farm Performance i Final Report

case which are characterized by a short inversion layer and stable stratification. The veer component is
significantly lower in the MS cases, and since the height of the inversion layer does not change in LLJ, the
strength of the veer component is gyargiserved in the downstream turbines as well. This section prepares
the ground in terms of creating a bucket list of ffseldd metrics for the correlation analysis with the loads

that will be carried out later.

WRF

Synoptic Scales
Resolution ~ O(100 km)

Microscale LES

Microscale LES

[precursor ABL]
Res =10 m

AMR-Wind - 12 hrs

&
°
e_(a
Ry
&

&

[wind Farm LES]
Res=10m

Figure 14: Schematic of WRF driven LES. Left to Right: WRF simulations in mesoscale grid (resol:~ 100 km).
WRF forcing drive the precursor microscale ABL LES (resol: 10 m). Precursor ABL body forcing term drive the

10 km

2-level nested wind farm LES (max resol: 10 m, min resol: 2.5 m).

Figure 15: Zoomed schematic wind farm domain with 20WT layout in a 5 X 4 arrangment. 5 rows aligned with
wind are RO, R1, R2, R3 & R4. 4 columns are cross wind CO, C1, C2, C3.
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Figure 16: Instantaneous snapshot of xy plane / planform view of wind farm simulations. (a) LLJ (b)
monotonically sheared unstable configuration (MS). Timestamp t = 17 min.
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Figure 17: Streamwise variation of time-averaged & column averaged rotor flow-field quantities. (a) rotor-
averaged velocity (b) rotor-averaged TI [%]. Error-bar s denote variation aceqgsis columns
the location of the first row of turbines.
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Figure 18: Comparison of reconstructed flow-field data from amr-wind (red) and from OpenFAST (blue). Darker
shade i LLJ, darker shade 7 MS.
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Figure 19: Comparison of reconstructed flow-field data from amr-wind and from OpenFAST. Red i du/dz, LLJ.
Pink 7 dv/dz, LLJ. Bluei du/dz, MS, Purplei dv/dz, MS.
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4.1.1 Analysis of Integral Metrics

This section deals with the analysis of the integral metrics of the turbine sgsteinioads. Figure 20
documents the rowvise variation of the imfgral turbine rotor and control parameters, e.g., the generator
power, blade pitch, rotor thrust and rotor average velocity. The differences in the topology in the turbulent
structures of the LLJ and MS cases gets percolated in the rotor quantities.adusielike the flow
guantities, the turbine outputs have been averaged across the lateral array of turbines at each row. This
ensures that the statistical effects due to the lateral variation of thdi¢ldws minimized and results
primarily demonstras the effect of stream wise variation. The primary feature that influences almost all
rotor quantities is the stronger wake deficit in the LLJ case compared to its MS counterpart. We see an
average drop of 50 % turbine power in the downstream rows fauLthas opposed to <10 % drop for the

MS cases. This can be attributed to the deep wakes (higher velocity deficits) with longer distances of
recovery in the LLJ case. The deep wakes also cause progressive decrements of the rotor thrust, rotor torque
and rdor aerodynamic twist in the downstream turbines for the LLJ case. The differences in the turbulent
flow field between LLJ and MS also influences the blade pitch control. The stronger wake deficits and
hence reduced velocity significantly pitches the bliadwards negative values which is finally capped

by the controller resulting in zero pitch value (fine pitch ) for the downstream turbines in the LLJ case.

The primary function of the pitch control is to allow the redbrft to operate in radepm condition. Due

to the controller capping effect (min pitch 1), feedback control output for pitch control is capped

as well resulting in rotor shaft operating at lower than rated speed condition. Both the wind farm simulation
involving LLJ andMS cases were run with identical control algorithms for a fair comparison. The results
related to the blade pitch and rotor rpm thus indicate the potential need for redesigning control algorithms
for shallow boundary layers with strong wake deficits aimdiweer. It is also important to note that turbine

control induces an ABlspecific nonrlinearity that modulates the wind turbine loads in a complex manner.
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Figure 20: Comparison of row-averaged mean and std. statistics of rotor quantities. (a) rotor-averaged velocity,
(b) generator power, (c) rotor thrust, (d) blade pitch between coastal LLJ and baseline MS case for 20 turbine
farm layout.
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Figure 21: Comparison of row-averaged DEL loads (a) Blade edgewise moment, (b) Blade Flapwise moment,
(c) Low speed shaft y-bending moment (d) Low speed shaft z-bending moment (e) Tower fore-aft moment, (f)
Tower torsion moment between coastal LLJ and baseline MS case for 20 turbine farm layout.

The wind turbine loads are a function of several flow features across the rotor and can be mathematically
expressed as QA M FARQFEANY® h, 5 ., 7 . While, 01 is the primary driver

for the mean loadshY Y& contributes to the fluctuating load&4yhich can cause fatigue damage to the
turbine systems. Additionally, we will see that certain turbine system loadfsar&iggered by the shear,

veer and their fluctuations / std. dev. The turbine loads can be broadly categorized into the blade loads
(edgewise, flapwise and torsion), tower loads afite sideside and twist) and the hub loads (lspeed

shaft and yavbearing system)Turbine manufacturers are more interested in fatigue and ultimate (max)
loads since they are responsible for turbine sydésm@ damage. In this section we have compared the
damage equivalent loads (DEL) of the LLJ and MS cases. Forldgls a Wohler exponent of 12 is used

for the blades while for hub & tower an exponent of 4 is used. We observe expected strong correlation
between the std.deviation of the load and DEL owing to the fact that fatigue loads are inherently fluctuating
in naure and driven by the turbulent intensity (TI). Strong reductions in thenegayn Tl for the LLJ

case Figurel?) in the progressive downstreanrmdae associated with reduction in the blade DEL as well.

The blade DEL loads for the MS case increases for the downstream turbines primarily due to the higher
background Tl and Tl generation in the MS casdigjure21, the hubloads, in particular, the lowpeed

shaft as well as the tower loads manifest an interesting feature. The mean loads for the rotspegdow

shaft bending moments (LSSTipMysSSTipMzs) are much higher for the LLJ case compared to the MS
case. The z or the vertical bending moment is influenced by the presence of strong veer in LLJ, while the
y or lateral bending moment is modulated by the strong shear in the rotor regimnaibseérved in the

LLJ. FromFigurel9it is apparent that the turbine pad locations for the LLJ case experience more negative
shear (higher absolusdear) inducing rotor loads that dictate ispeed shaft bending. It is hypothesized

that the stronger shear in the retegion is modulated by the presence of negative shear structure of the
LLJ jet region, but further work is needed to validate the thgmis. The DEL loads in the tower femé

moment are lower in the LLJ case owing to lower Tl generation in thdepald However, the tower
torsional moments (also the ydwearing systems torsional moments) are significantly higher @6)

as we propgate downstream of the turbines. This can be attributed to the strong veer content in the LLJ
case. Although, the veer is an essential flow feature influencing the z (torsion/twisting) moment, the std.
deviation of veer is smaller for the LLJ case compdoethe MS case. It is not known if the presence of
strong veer and TI in the LLJ case, themselves would trigger fluctuating structural moments in the z

direction. Further irdepth analysis is required to confirm our speculative argument.
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4.1.2 Analysis of Timeseries Correlations

In the previous sections we have analyzed the integral loads metrics and have observed the following trends
(a) LLJ blade DEL loads are lower than the MS cases (lower Tl in LLJ) (b) LLJ shaft bending loads and
tower torsion loads areggiificantly higher than the MS counterpart (higher shear and veer) and made
guantitative arguments between the loads and-ft@trics. In the present section, we compare the-time

series correlation of the turbine systéswel loads and the different flemetric in order to highlight how

the presence of turbine controlleradds-honnear i ty t o t hfel cawdg uaroernrt esl atni ain

Figure22illustrates a timeseries comparison map of the retbrust at different pad level locations against

the rotoraveraged wind speed at pads for both stabigtified LLJ case and the conveety unstable MS

case. Note, for flow conditions and load conditions we use the same definition of filtering to reconstruct
the timeseries data as as done in Section 4.1. In the MS cases, the high velocity in thegiotoforces

the controller to pith out blades which results in the agwirelation (negative correlation), between the
rotor-thrust and the roteaveraged wind speed. In the downstream turbines the wind speeds are slightly
lower (below rated), owing to which we can observe strong pesitirrelation between the thrust and wind
speed. In the LLJ, however, the retreraged wind speeds are mostly in the belated configuration
resulting in a strong positive correlation between thrust and wind speeds, albeit with a shiaspiomse

/ phase lag. The first row of turbines however, show smaller correlation between wind speeds and rotor
thrust due to the fact that the wind speed continuously switches from-tatleadvto above rated conditions
inducing a highamount of nodinearity. Thesubsequent figures in the section compute the trends of linear
correlations (Pearson coefficient) between loads/control metrics and théidldwnetrics fort the LLJ

case. In particular, for the surrogate redveraged floametrics we look ath [ H YCH YORQ aQ éQ 7

Q&N TQ &Q FQ dQ TQ N TQ (where the z and y stderipts denote the reconstructed fliialds using
line-averaging in vertical z or lateral y direction. Additionally, the gradients of aligned wind, cross wind
and the angle of the wind vector are also considered for a comprehensive understanding of the contribution

of wind speed, Tl and the shear, veer components of the wind that trigger-tsistétoads.
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Figure 22: Time-series comparison of the (a) MS and (b) LLJ cases for the rotor-thrust with the mean rotor-
averaged velocity at the 20 pad locations.
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Figure 25: Comparison of heatmap depicting correlation coefficient of low-speed shaft bending moment and
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Figure 26: Comparison of heatmap depicting correlation coefficient of yaw bearing systems torsion moment
(tower torsion moment) and the flow-metrics 4 A K| KR S o/l oM 58 [l 78 ;8 . . . 8 for the
20 wind turbine layout. Each box i arranged in 5 X 4 layout: left-right 7 aligned wind direction. (a) MS (b) LLJ

Figure23illustrates the heatmap depicting the correlation of the blade pitch with thenféaic. As seen

in the rotorthrust timeseries analysis, we observe a strong positive correlation-Q-®) &oefficiem with

the bothd R , indicating that temporal information in both line average of velocity (surrogate of rotor
averaged velocity) are very similar to each other. A strong positive correlation between blade pitch and the
rotor-averaged velocity is obsved in the LLJ case as well in the first row of the wind farm. These
correlations are reflective of the fact In the downstream turbines the wind speed decays significantly owing
to stronger wakeleficits and hence the pitch is capped to a minimum pitch () and reports quasi

zero correlation with wind speed. While sporadic strong correlations with blade pitch and other flow
metrics are observed in both LLJ and MS, but since they are not observed consistently over the entire farm,
these correlatioeffects could be attributed to localized flmvanges owing to neighboring turbines. In a
similar essence, strong negative correlations for MS and positive correlations for LLJ with the rotor

50













































































































































